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INTRODUCTION 


Numerous  laboratory  experiments1  have  verified  the  susceptibility  of  tita- 
nium alloys  to  embrittlement  and  cracking  under  tensile  loading  at  elevated 
temperatures  greater  than  400  F in  the  presence  of  halides.  Since  titanium  alloy 
gas  turbine  compressor  components  in  military  aircraft,  such  as  rotor  blades  and 
centrifugal  impel lers,  say  be  exposed  simultaneously  to  high  operating  temper- 
atures and  salt-laden  air  environments,  catastrophic  failure  of  aircraft  engines 
remains  a definite  hazard.  Although  there  exists  a paucity  of  recognized  failures 
attributed  tc  hot  salt  stress  corrosion  cracking  (HSSCC),  one  field  service  report* 
identified  the  damage  to  a titanium  disk  in  the  compressor  section  of  a Navy  TF30 
aircraft  *“:gine  as  being  caused  by  the  1SSCC  phenomena.  Unfortunately,  the  suscep- 
tibility o:  titanium  alloy  components  to  HSSCC  can  be  expected  co  increase  with  the 
increasing  operating  temperatures  proposed  for  the  compressor  section  of  advanced 
gas  turbine  engines. 

A review  of  Army  overhaul  records2  reveals  that  sand  and  dust  erosion  damage, 
alos*g  with  foreign  object  damage,  are  among  the  leading  cause.#  of  premature  engine 
removals  from  helicopters.  Erosion  of  compressor  components  is  a we31 -recognized 
reliability  and  maintainability  (RSM)  problem  which  serves  to  increase  unscheduled 
engine  replacement  (UER),  accidents,  and  maintenance  man-hour  (MWI)  rates.  Pro- 
tective coatings  have  been  suggested  by  many  investigators  as  «ne  o*  several 
promising  means  to  alleviate  the  erosion  problem. 


! 


Earlier  research  studies2  »**» 5 hr /e  demonstrated  that  diffusion  bor-ding  of 
electroless  nickel  plate  is  a satisf -ictoiy  technique  for  producing  a near-resistant 
>urface  on  titanium  alloys  at  roov  temperature.  However,  further  studies  are  needed 
to  validate  the  potential  of  elec  .roless  nickel  plate  against  both  erosion  and 
ss.it  stress  conosirn  at  higher  t mperatures. 

For  this  investigation,  an  exploratory  study  was  made  of  diffusion-bonded 
electroless  nickel  p.ates  for  reducing  the  susceptibility  of  titanium  alloys  to 
HSSCC-  A test  tsoor.  cure  of  >00  F was  selected  as  representative  of  a high 
operating  temperature  projected  for  the  cesp.essor  section  of  advanced  high- 
performance  aircraft  en-ines. 


TET.T  MATERIALS 


Ti-5Al-2.5Sr.  Alloy 


An  alpha-type  5Al-2.Sai  titanium  alloy  with  a nominal  sheet  thickness  of 
1/32  inch  was  used  in  this  study.  This  alio'  is  a weldable  grade  which  normally 
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possesses  good  oxidation  resistance,  stability,  and  strength  at  elevated  temper- 
atures and  thus  is  a candidate  material  for  structural  applications  at  high 
temperatures. 

Composition  of  the  test  alloy,  shown  by  the  manufacturer’s  data  in  Table  I, 
was  within  the  limits  specified  by  ASTM  B265-SST,  grade  6.  Mechanical  property 
measurements  indicated  that  the  hardness  of  this  mill-annealed  sheet  was  Rc  35. 

This  information  along  with  tensile  properties  data  as  a function  of  rolling  di- 
rection is  shown  in  Table  2.  It  may  be  noted  that  the  strengths  and  ductility 
were  somewhat  higher  in  the  longitudinal  direction. 

Electroless  Nickel  Plating 

To  determine  the  efficacy  of  diffusion-bonded  electroless  nickel  plates  in 
protecting  titanium  alloy  substrates  from  1SSCC,  Ti-5A!-2.5Sn  alloy  sheet  specimens 
about  3/S  inch  vide  and  6 inches  long,  in  the  mi 11 -annealed  condition,  were  pro- 
cessed with  a plating  thickness  of  approximately  0.6  nil.  This  electroless  nickel 
plating  was  produced  through  the  selective  deposition  ol  a high  nickel,  low  phos- 
phorous alloy  onto  the  solid  catalytic  surface  by  means  of  chemical  reduction  of 
a nickel  salt  with  sodium  hypophosphite.  The  electroless  nickel  plate  is  usually 
93  to  9I>>  nickel;  the  remainder  is  primarily  phosphorous,  probably  nickel  phosphide. 
Specimen  preparation  and  plating  procedures  util iced  were  modifications  of  the 
techniques  employed  in  a past  study5  of  wear-res is tan*  coatings  on  titanium. 

Enhancement  of  the  hardness  and  bonding  characteristics  were  promoted  by 
thermal  diffusion  treatments  in  a vacua  for  4 hours.  It  is  also  common  practice 
to  heat  treat  as-deposited  electroless  nickel  plates  at  temperatures  above  750  F 
to  increase  as-plated  hardness  and  to  decrease  inherent  brittleness.  Xithin  limits, 
the  hardness  decreases  with  further  increases  in  treatment  temperatures. 

One  group  of  specimens  was  diffusion  treated  in  a 950  F environment,  while 
the  other  group  was  exposed  to  an  1150  F diffusion  environment.  These  treatments 
decreased  the  hardness  of  the  titanium  substrate  from  55  to  Rc  29.  However, 
as  indicated  by  the  data  in  Table  5,  the  hardness  of  the  950  F diffusion-treated 
nickel  coating  was  as  high  as  Rc  35,  whereas  the  higher  temperature  treatment 
resulted  in  a lower  coating  hardness  of  only  Rc  54.  The  original  measurements 
were  made  with  Snoop  indenters.  Hence,  the  Rockwell  hardness  values  cited  herein 
are  convert e-  numbers  which,  at  best,  are  only  approximate  values  which  can 
reasonably  bi  «ed  only  to  establish  relative  ranking  of  hardness. 

Metal logrsjrsic  examination  of  selected  cruss-sections  of  the  diffusion- 
treated  specimens  revealed  no  appreciable  differences  in  the  mi crostroctures  or 


Table  1.  GSX&i  JWiTSiS  Of 
Ti-5V:-2.5S=  AUOT  SfSET 

Co^csitio  {WI.  :} 

S-  fe  C - TSi  Ti 

5.*  2.5  0.25  0.02  0.015  3.01  Sal 


Table  2.  J£GSKIttL  ~9?£?.7I£S  Of  ?i-5Al-2.SSa  «X0T  Sf££T 


U.T.S. 

T.S. 

(0.2*  offset) 

Elon. 

S.A. 

Drier)  12*  1C= 

f^i) 

(tsi) 

C) 

C)  (3.) 

125.0 

123.0 

15.5 

3*.7  35 

Lcajgstoiinal 

125.0 

129.7 

16.5 

*2.5  35 

Tible  3.  K«EKESS  0?  ELECTKE.ESS  SIOEL-P1ATED  S?ECI*€KS 


H*rA«ss 
Measured  P-c* 

Dfij55  3l2  29 

CK530  330  35 


7i-5Al-2-5Sa  Substrate 

930  F to  1150  F Treatment 
As-received 

Electroless  Sickel  Coatirgs 

1150  F Treatment 
950  r Treat sect 


*Approxiaate  raises  based  on  conversion  tables:  Metals 
Progress  Data  Sheet,  Septeate*-  1958.  pg.  96-B.  and  ASM 
Metals  Kandbrok.  1961,  pg.  123*. 


a 95G  F - 4 hours  - in  vacuum 


lx  1 »50  F - 4 K-wn  - in  noon 


Figure  1.  IScrostmcture  of  Ti-5Al-Z5Sn  alloy  after  diffusion  heat  treatment.  Mag.  2Q0X 

the  substrates,  as  shown  by  two  representative  photomicrographs  in  Figure  1.  The 
etchant  used  in  preparing  both  specie*- ns  for  examination  was  a 2%  HF  solution. 

In  addition,  hardness  tests  indicated  no  measurable  effects  attributable  to  the 
two  different  exposure  temperatures. 

In  the  as-plated  condition,  adhesion  of  the  plating  was  relatively  poor. 
Adhesion  is  known  to  be  enhanced  by  high  diffusion  temperatures , manifested  by 
metallurgical  bonding  at  temperatures  as  low  as  750  F.^»5  The  photomicrograph 
in  Figure  2a  shows  the  appearance  of  the  cross-section  of  the  coating  and  sub- 
strate heat  treated  at  950  F.  X-ray  diffraction  analyses  of  plated  Ti-SAl-lJto-lV 
and  Ti-6Al-6V-2Sn  alloys  in  an  earlier  experiment5  indicated  that  diffusion 
between  the  coating  and  substrate  does  indeed  occur  at  950  F for  these  alloys. 
Thus,  although  not  evident  in  Figure  2a,  there  is  reason  to  believe  diffusion  and 
the  formation  of  intermetallics  also  occurred  with  the  Ti-5Al-2.5Sn  alloy.  The 
presence  of  a clearly  defined  diffusion  layer  was  sore  evident  after  the  1150  F 
heat  treatment  as  shown  by  Figure  2b.  Measurements  revealed  that  the  thickness 
of  the  plating  varied  between  0.5  to  0.7  sail,  averaging  about  0.6  sail. 
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Figure  2.  Efeceotes  racks!  peeling  erf.  Yi-5A!-25Sn  sateiiMc  1CC0X 


Test  Specioen 

Strip  specimens  were  cut  and  ground  to  finish  disens ions  of  5/S  inch  side  by 
6 inches  long  fre-s  a I/52-inch  ni 3 1 -annealed  Ti-5Al-2.SSn  i] loy  sheet.  Figure  5 
shows  this  specimen.  The  ends  were  ground  to  be  at  right  angles  to  the  specimen 
length  and  the  sharp  comers  removed.  To  investigate  effects  of  specimen  orien- 
tation, some  of  the  strips  were  cut  with  their  lengths  parallel  to  the  rolling 
direction  of  the  sheet  and  arc  herein  referred  to  as  longitudinal  specimens. 
Transverse  specimens  were  cut  with  the  length  perpendicular  to  the  rolling 
direction. 


For  the  study  of  the  efficacy  of  electroless  niciel  pJating  against  HSSOC, 
one  group  of  titanium  specimens  was  processed  on  all  sides  with  the  plating.  As 
mentioned  in  the  previous  section,  sane  of  the  plated  specimen^  were  diffusion 
treated  in  vacua  at  950  F,  while  the  remainder  were  treated  at  1150  F.  However, 
for  control  purposes,  another  group  of  noncoatcd  titanium  specimens  was  also 
exposed  to  the  a forement ioned  heat  treatments.  In  addition,  some  specimens  were 
reserved  for  testing  in  the  as-rcccivcd  ui 11 -annealed  condition.  Table  4 summa- 
rizes the  orientation  and  plating  condition  of  the  various  test  specimens. 


fto;e  Eketiokss  tiickrl  Plate  Thickness  0.6  mil 


Figure  3.  Constant  deflection  bent-beam  specimen. 
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TEST  PROCEDURE 


General  Test  Approach 

In  this  study,  constant  deflection  bent-bcaa  specimens  were  noun ted  3 u 
AMMRC-aodificd0  Fratt  and  fcnitney  type  test  fixtures-  These  fixtures  verc 
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subsequently  loaded  into  a muffle-type,  electric  furnace  and  exposed  to  an  ambient 
temperature  of  900  F,  in  quiescent  air,  for  durations  up  to  1000  hours.  All  of 
the  flexed  specimens  vere  treated  with  salt  deposits  on  selected  areas  of  the 
convex  (tension)  surface.  Specimen  test  variables  included  noncoated  3nd  elec- 
troless nickel-plated  titanium,  two  diffusion  treatment  temperatures,  sheet 
orientation,  and  mechanically  induced  surface  defects  to  simulate  accidental 
surface  damage.  Post-test  evaluation  was  limited  to  metal lographic  examinations 
of  the  surface  damage  and  cracks  attributable  to  hot  salt  stress  corrosion. 

Specimen  Preparation 

Since  mechanical  defects  on  the  surface  of  stressed  components  could  con- 
ceivably influence  the  mechanisms  operating  to  produce  1SSCC  because  of  the  pres- 
ence of  stress  raisers,  a limited  attempt  was  ma  ’e  to  monitor  the  phenomena.  As 
indicated  in  Figure  5,  a section  of  the  electroless  nickel-plated  specimen  was 
scratched  with  a tungsten  carbide  scribe  to  produce  randomly  spaced  grooves 
aligned  45°  to  the  direction  of  stress  on  the  surface.  Microscopic  examination 
revealed  that  the  grooving  action  removed  some  of  the  coating.  The  depth  of  the 
groove  was  less  than  1/2  mil.  There  were  no  signs  of  the  substrate  being  exposed. 
In  addition,  an  automatic  hand  center  punch,  with  a 90°  cone  angle  indenter,  was 
used  to  produce  random  indentations  in  the  coating  surface  to  a depth  of  about  1 
mil.  Although  the  electroless  nickel  plating  was  only  about  0.6-ail  thick,  it 
appeared  to  be  plastically  deformed  into  the  cavity  without  exposing  the  substrate. 

In  preparation  for  the  salt  treatment,  the  specimens  were  lightly  wiped  with 
fine  emery  cloth,  washed  in  an  alkaline  bath,  cleaned  with  acetone  (reagent  grade), 
and  then  rinsed  in  distilled  water.  A small  section  of  the  coating  was  also 
cleaned  by  a wet  abrasive  blast  (vapor  honing)  method  to  assess  the  need  for  ad- 
ditional surface  preparation.  As  will  be  shown  later,  this  latter  method  does 
indeed  provide  a surface  which  promotes  a more  uniform  distribution  of  the  pre- 
cipitated salt  particles. 

A 5%  sodium  chloride  solution  was  applied  to  selected  areas  of  each  coated 
specimen  somewhat  as  shown  in  Figure  5.  The  solution  was  spread  evenly  over  the 
surfaces.  The  specimen  was  then  placed  on  a hot  plate,  set  at  temperature  of 
about  180  F,  and  held  at  that  heat  level  while  the  water  in  the  saline  solution 
slowly  evaporated,  leaving  behind  a dry,  white,  translucent  residue.  Also  as 
shown  In  Figure  3,  the  salt-treated  sections  encompassed  a portion  of  the  vapor- 
honed  area,  the  aid-length  area  of  the  specimen,  and  the  regions  containing 
mechanically  induced  indentations  and  scratches.  Other  sections  were  left  un- 
treated as  test  controls. 

Weight  measurements  indicated  that  the  areal  density  of  the  dry  salt  deposit 
was  about  10  milligrams  per  square  inch.  This  quantity  of  salt  is  almost  double 
the  amount  of  dry  salt  actually  found  to  be  deposited  on  a select  group  of  air- 
craft engine  components  after  flight  operations.7  Although  it  appears,  as  a 
first  approximation,  that  increased  quantities  of  deposited  salt  represents  a 
more  severe  iiSSCC  condition,  the  hypothesis  remain^  unverified.  However,  under 
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- *-■*>*>•« i* ion  of  moisture  content,  salt  precipitate  configuration,  temperature, 
gas  velocity,  ami  pressure,  etc.,  the  stress  corrosion  of  titanium  can  be  expected 
to  increase  Kith  increasing  areai  density  of  salt  up  to  some  undetermined  limit, 
further  increases  in  area!  density  nay  cause  a reverse  effect. 

Hot  Salt  Stress  Corrosion  Test 


Following  salt  treatment,  the  specimens  were  carefully  flexed  and  inserted 
into  the  bent-beam  test  fixture  which  was  set  to  a predetermined  span  length. 
Although  the  ends  of  the  specimens  were  greund  co  be  perpendicular  to  the  specimen 
length  and  the  specimen  ends  rounded,  extra  effort  was  made  to  properly  align  the 
specimens  relati\-e  to  the  end  restraints  to  minimise  undesirable  stresses.  An 
eai lier  report'  describes  the  fixture  and  test  procedures  in  greater  detail. 

Static  surface  stresses  in  a rectangular  beam  of  finite  length  with  a fixed 
deflection  are  strongly  dependent  upon  the  length  and  thickness  of  the  structure, 
figure  4 shows  an  illustration  of  a bent  beam  held  in  place  by  end  restraints  to 
maintain  a tixed  deflection  span.  Using  an  exact  elastic  stress  analysis  method 
proposed  by  Loginow  et  al.=»9,  calculations  were  made  to  establish  a specimen 
length  and  deflection  which  would  effectively  generate  a — tensile  stress 
of  50  L<i,  at  900  F in  a sheet  1/52  inch  thick.  This  maximum  tensile  fiber  stress 
was  uelemi ned  from  tne  following  relationship: 


Loginow  « aL  IRef.  a.  9) 


Figure  4.  Sireming  o5  hw-btan  ;»  specimen. 
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therein  K(k)  and  E(k)  are  the  complete  elliptical  integrals  of  the  first  and 
second  kind,  respectively,  and  k is  the  modulus  of  these  integrals.  Further,  o 
is  the  maximum  tensile  strength,  En  is  Young’s  modulus,  t is  the  specimen  thick- 
ness, and  H is  the  distance  between  the  two  ends  of  the  deflected  specimen  as 
shown  in  Figure  4.  Additionally,  the  length  of  the  specimen  L was  derived  from 
the  riel  loving  ratio: 


L-H  _ 2f£fk2  - Efkll 
H 2E(k)  - K(k) 

Assuming  a high  temperature  Young’s  modulus  of  51.6  x 30s  psi,  it  was  cal- 
culated that  a specimen  6.0  inches  long,  deflected  to  a span  length  of  S.6  inches, 
would  produce  the  prescribed  stress  condition.  For  more  accurate  determinations 
of  prestresses,  actual  measured  values  of  high  temperature  Young’s  moduli  and 
effects  of  thermal  expansion  should  be  employed  in  the  calculations. 

It  may  be  noted  that  the  typical  ainiaa  yield  strength  of  the  Ti-5Al-2.5Sn 
alloy  at  900  F should  be  in  the  vicinity  of  57  ksi.  Therefore,  assuming  no  residual 
stress  to  be  present,  the  experimental  prestress  of  50  ksi  should  not  cause  any 
appreciable  initial  yielding.  However,  related  data  further  indicate  that  a tensile- 
stress  of  only  4S  ksi,  at  800  F,  will  produce  1%  creep  in  100  hours.  Consequently, 
in  this  fixed  deflection  test,  relaxation  of  stresses  due  to  creep  will  serve  to 
reduce  the  initial  pres'eress  loading  as  the  exposure  time  increases. 

The  fixtures  loaded  with  specimens  were  placed  into  a large  muffle  furnace 
which  was  then  heated  up  to  900  F.  These  stressed  specimens  were  exposed,  in 
quiescent  air,  to  a enstant  furnace  temperature  of  S00  F for  a time  duration  of 
either  150,  SCO,  or  1000  hours.  Table  4 identifies  the  individual  specimens  and 
test  parameters. 

Post-Test  Evaluation 

Removal  of  the  individual  150-  and  500-hour  test  specimens  at  the  schedule** 
time  intervals  was  accomplished  by  employing  long-handle  tongs.  The  fixture 
itself  remained  in  the  furnace  for  the  full  i 000-hour  duration  of  testing.  Figure 
5 is  a photograph  showing  several  plated  and  nonplated  specimen-  in  the  test  fix- 
ture shortly  after  removal  from  the  furnace  after  exposure  for  1000  hours.  Upon 
separation  free  the  test  fixture,  each  specimen  was  visually  examined  for  frac- 
tures and  cracks.  Subsequently,  the  specimens  were  cleaned  of  the  salt  residue 
and  reaction  products  by  means  of  wet  abrasive  blast  techniques  and  re-examined 
at  magnifications  up  to  20 X.  In  order  to  fully  appreciate  the  extent  of  damage 
to  the  surface,  it  was  necessary  :o  chemically  etch  the  specimens.  The  coating 
on  some  specimens  was  mechanically  removed  to  further  investigate  the  damage  to 
the  substrate. 

An  etchant  composed  of  50  ml  nitric  acid,  10  ml  hydrofluoric  acid,  and  10  ml 
sulfuric  acid  was  used  to  reveal  the  cjacks  in  the  surface  of  the  noncoatee  ti- 
tanium specimens.  The  specimens  were  immersed  in  the  acid  solution  for  69  seconds 
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Figure  5l  Pbad  and  nonp!ated  spepBaas  in  test  fixture  jfjjr  heating  at  9C0  F fur  100  hours. 

at  room  temperature  or  until  excessive  red  fuses  were  liberated.  An  alternate 
aet*od  was  to  isaersc  the  specimens  tor  only  50  seconds  at  a solution  temperature 
of  140  F.  Similarly,  a 2%  HF  solution  was  used  to  etch  the  electroless  nickel 
coating  for  study.  Photomacrographs  were  taken  to  record  representative  surface 
conditicns.  Spoil's  reagent  was  also  used  to  etch  the  titanium  microstxuctui e 
for  general  examinations  of  structure  and  cracks  in  the  cross  section. 


RESULTS  AKD  DISCUSSIGM 
Initial  Post-Exposure  Inspection 

After  150  hours  at  900  F,  the  first  group  of  longitudinal  arf  transverse 
specimens,  see  Table  4,  were  removed  from  the  fixture  in  the  furnace  and  examined 
after  cooling  to  room  temperature.  Damage  to  these  specimens  was  not  clearly 
evident  because  of  the  salt-encrusted  surfaces.  Figure  6 shows  the  top  view  of 
these  curved  specimens.  As  designated  in  the  figure,  only  select  areas  of  the 
specimens  were  salt-treated.  A small  portion  of  each  specimen  was  left  untreated 
to  provide  a basis  for  comparing  damage  due  to  H5SGC.  As  alluded  to  by  the  re- 
flected highlights  from  the  .peclmens  shown  in  the  figure,  the  oonsalted  segments 
of  the  electroless  nickel-coated  specimens  retained  a metallic  sheen.  However, 
the  exposure  to  high  temperatures  converted  the  original  silver  color  to  a light 
bronze  tint.  In  marked  contrast,  the  hot  oxidizing  furnace  atmosphere  changed  the 
shiny  surface  or  the  unsalted,  uncoated  titanium  specimens.  Figure  6b,  to  a dull, 
blue-purple  surface.  Fxcept  for  oxidation,  no  damage  was  observed  on  the  nonsalt- 
treated  sections  of  these  specimens. 

Also  in  marked  contrast  between  the  plated  and  nonplated  specimens  was  the 
visual  appearance  of  the  salt  and  reaction  products  on  the  specimens,  after  removal 
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f.-os  The  furnace.  The  residue  on  the  electroless  nickel-piatcd  surfaces  retained 
reia? ive!y  translucent— vhitc  in  tone  anu  apparently  changed  onlv  minimally.  Sat 
on  the  bare  titanium  alloy,  the  salt  and  its  reaction  products  expanded  in  volute, 
producing  a thicker,  rough  layer,  rust>-ivory  in  color  on  its  outer  periphery  and 
graduating  to  varying  shades  of  black  at  the  approaches  to  the  salt-metal  inter- 
face. Another  view  of  some  salt -encrusted  specimens  after  1090-hour  exposure  «s 
shcan  earlier  in  Figure  5.  The  four  thickly  coated  specimens  shown  in  the  lower 
part  of  the  test  fixture  represent  salt  treatments  on  nonplatcd  titanium  specimens 
Specimen  identification  numbers  listed  nay  be  coordinated  with  the  data  listed  in 
Table  4. 

Confirming  the  dissimilar  characteristics  of  the  salt  reaction  products  was 
the  observation  that  the  residue  on  the  plated  surfaces  was  readily  soluble  in 

water,  whereas  the  residue  on  the  bare  titanium  alloy  surfaces  required 
the  application  of  the  aoic  vigorous  vapor  blasting  method  to  facilitate  its  re- 
mora 5 . 'io  attensit  was  made  to  analyze  the  reacted  nroaucls.  However,  an  earlier 
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investigator2 5 reported  that  X-ray  diffraction  patterns  of  salt  residue  an  titanium 
spec i sens  exposed  at  SOO  F for  64  days  revealed  the  presence  of  aratase.  rut  lie, 
sodium  chloride,  and  an  unidentified  compound. 

Surface  preparation  techniques  play  an  important  role  in  sait  treatment  of  the 
test  specimens.  Examination  of  the  photographs  in  Figure  6 -evea 1 s poor  vetra- 
bility  and  uneven  precipitation  of  the  salt  deposits  on  some  of  the  test  segments. 
However,  it  say  be  noted  in  Figure  6a  that  the  short,  salt-treated  segnent  or*  the 
left  side  of  the  specimens  exhibited  areas  of  uniform  salt  coating.  These  areas 
were  vapor  blasted  before  the  salt  treatnenr.  Hence,  vapor  blasting  techniques 
appear  to  be  a desirable  method  for  promoting  wettability  and  uni  fora  dispersion 
of  salt  particles.  Consideration  must  be  given  to  the  fact  that  stresses  im- 
posed upon  the  specimens  may  be  critical,  particularly  for  thin  sections. 

General  Jfe>des  of  Hot  Salt  Corrosion  Failure 

Visual  examination  of  the  plated  specimens,  at  higher  magnification,  after 
etching  in  an  KF  solution  to  enhance  the  presence  of  surface  damage,  revealed 
that  hot  salt  did  indeed  corrode  the  diffusion-treated  electroless  nicLel  coatings. 
Evidence  of  pitting  and  general  corrosion  was  discovered  even  on  the  ccs-prc s>ive 
side  of  the  specimen  exposed  to  900  F for  150  hours,  indicating  that  tensile 
stress  was  not  a necessary  contributing  factor.  Troughs,  strain  lines,  and  a 
limited  lumber  of  cracks,  similar  to  the  HSSCC  damage  occurring  in  unpiotected 
titanium  alloys,  were  additionally  present  on  the  tension-stressed  plated  surfaces. 
These  in-line  detects  were  oriented  normal  to  the  direction  of  tension  loading, 
as  expected. 


Combinations  of  the  aforementioned  corrosion- induced  defects  were  well- 
represented  in  the  tension-stressed  surface  of  plated  specimen  Eb  after  exposure 
to  990  F for  1000  hours.  Areas  damaged  by  hot  salt  attacl  art-  evident  in  the 
photograph  of  the  specimen  in  Figure  7a.  5wir'-Iike  chains  of  corrosion  pits 
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are  attributable  to  the  nonuni foro  precipitation  of  salt  during  the  dehydration 
of  the  saline  solution.  Poor  vettabi lity  also  contributes  to  the  uneven  pattern 
of  corrosion.  Cracks  in  the  surface  are  readily  distinguishea  from  the  troughs  by 
the  width  and  contour  or  the  gaps.  It  is  suspected  that  the  wider  gap  troughs 
were  formed  by  the  conjugation  of  corrosion  pits  which  preferentially  initiate 
along  strain  lines.  Also,  clearly  shown  in  the  sane  photograph  are  the  mechani- 
cally induced  punch  marks;  less  evident  are  the  diagonal  scratch  lines  which 
appear  to  have  been  partially  erased  by  the  corrosion  process.  Sane  observations 
on  the  effects  of  interaction  of  the  corrosion  process  with  the  mechanically 
induced  defects  viii  be  made  later  in  this  report.  A cosmarison  of  the  salt- 
damaged  surface  of  electro less  nickel-plated  specimen  E6  nay  be  sade  with  the 
S3 1 t-damaged  surface  of  nonplated  titanium  specimen  ES,  shown  in  Figure  7b,  which 
was  tested  under  equivalent  conditions. 

Effects  of  150- Hour  Exposure 

Under  the  conditions  prescribed  for  this  experiment,  unprotected  Ti-5Al-2_5Sn 
alloys  are  susceptible  to  HSSGC.  This  phenomenon  was  verified  by  tests  on  nra- 
plated  control  specimens  A1  and  A2,  shown  ir.  Figures  Sa  and  So.  Oblique  lighting 
was  employed  for  the  series  of  photographs  in  this  figure,  as  well  as  in  the  next 
three  figures,  to  highlight  damaged  areas.  Under  this  lighting  condition,  defects 
penetrating  into  the  surface  such  as  cavities,  scratches,  pits,  cracks, 
troughs  emerge  as  white  forms  on  a black  background.  Table  4 suasnarites  the  test 
parameters  of  the  test  specimens. 

io  a lesser  degree,  the  hot  salt  also  attacked  the  plated  specimens, 
manifested  by  cracks,  troughs,  and  pits,  as  shown  in  Figure  9.  The  induced 
scratches  had  only  a nominal  effect  on  the  corrosion  pattern.  Kith  respect  to  the 
punch  naris,  it  was  noted  that  occasional  cracks  and  pits  intersected  the  cavities 
with  no  positive  signs  of  preferential  attack.  For  example,  in  plated  specimen 
X2,  Figure  9c,  troughs  or  cracks  appear  to  interact  with  only  tve  of  the  nine 
induced  cavities,  in  specimen  XI,  Figure  9a,  snail  pits  exhibited  even  less 
corrosion  attack  about  the  indentations.  Hence,  the  hot  salt  corrosion  effects 
oa  accidental  scratches  and  indentations  in  the  plating  was  judged  to  be  only 
minimal . after  exposure  to  900  F for  150  hours. 

Effects  of  530-Hour  Exposure 


r=et  salt  stress  corrosion  cracking  damage  to  titanium  alloys  increases  with 
exposure  time  by  the  initiation  of  new  cracks  on  the  hydrogen-embrittled  surface, 
conjoining  of  small  c/acks,  and  crack  propagation.  For  baseline  comparison. 
Figure  !fe  exhibits  the  multitudinous  quantity  of  cracks  in  one  salt-treated 
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a.  950  F diffusion 
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Figure  9.  ISOfxxw  test  at  900  F - sa»t  treated  efcctrotess  nxk«H*a»d 
T»-5Af2_5Sn  spedmc ns  - etched  - obfique  fighang.  Mag.  2X 

segaent  of  nonplatcd,  longitudinal  specimen  A3  after  300  hours  of  exposure. 
Transverse  specimen  A4  (not  shown)  also  encountered  similar  daaage,  indicating 
no  effects  attributable  to  specimen  sheet  orientation. 

As  expected,  despite  the  decrement  in  surface  tensile  .tresses  due  to  creep, 
the  increase  in  exposure  time  to  500  hours  also  increased  the  corrosion  damage  of 
the  electroless  nickel  plate  as  demonstrated  by  specimens  X5  and  E3  in  Figures 
10b  and  10c.  Confirmation  of  this  phenomenon  nay  be  made  by  comparing  the  cor- 
responding specimens  shown  earlier  in  Figures  9a  and  9b. 

Moreover,  at  500  hours  distinctive  patterns  of  surface  failure  modes  emerged 
which  vere  attributable  to  the  two  different  diffusion  treatment  temperatures 
(950  F and  1250  F)  employed  to  promote  bonding  of  the  nickel  plate  to  the  titanium 
substrate.  For  example,  the  presence  of  troughs  with  wider  corrosion  gaps  vere 
detected  in  the  950  F treated  specimen  S3,  whereas  an  increase  in  the  number  of 
thin-line  cracks  in  the  1150  F treated  specimen  E5  was  observed.  Furthermore,  the 
cracks  preferentially  appeared  in  regions  of  higher  stresses  such  as  in  the  specimen 
edge  and  around  the  induced  cavities.  In  the  latter  phenomenon,  it  say  be  spec- 
ulated that  the  beneficial  compressive  stresses  imposed  by  the  mechanically 
induced  punch  marks  were  partially  relieved  by  continued  exposure  at  900  F,  there- 
by bequeathing  a surface  indentation  which  behaved  as  a stress  raiser.  Since  no 
obvious  damage  appeared  in  the  nonsalt- treated  segments  and  since  the  troughs  and 
cracks  which  appeared  in  the  salt-treated  segments  were  preferentially  aligned 
normal  (90°)  to  the  direction  of  the  applied  tensile  stress,  it  is  concluded  that 
the  electroless  nickel  plating  Is  indeed  susceptible  to  hot  salt  stress  corrosion. 
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a.  Annealed,  uncozitd 

TV-5AJ-25Sn  alloy  specimen  A3. 


h.  S5Q  F diffusion 
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Figure  10.  500-hour  ten  at  SOC  F - salt-treated  longsluomal  specimens  - 
etched  - o&Cque  lighting.  % 2X 

In  the  evaluation  of  the  results,  the  node  and  density  of  corrosion  damage  are 
no re  ia»rtant  factors  than  the  actual  fracture  of  a specimen  since  the  fracture 
is  generally  manifested  by  the  random  and  rapid  joining  of  individual  cracks  fol- 
lowed by  catastrophic  failure. 

Effects  of  1 903- Hour  Exposure 

Continued  increases  in  exposure  duration  up  to  1000  hours  generated  escalating 
corrosion  attack  to  the  salt-treated  meta I surfaces.  Selected  examples  of  these 
phenomena  are  clearly  exhibited  by  the  higher  .signification  photographs  of  three 
specimens  in  Figure  11  As  alluded  to  in  an  earlier  statement,  in  the  experimental 
setup  employed  in  this  study  only  the  test  temperature  and  specimen  deflection  span 
are  held  constant.  Kith  the  passage  of  tine,  relaxation  of  the  tension  surface, 
because  of  high  tempera tore  creep,  effectively  reduces  the  initial  surface  tensile 
stress  of  50  ksi  to  only  a small  fraction  of  that  value  after  1000  hours.  More- 
over, the  original  salt  deposits  have  been  or  continue  to  be  consumed  by  the 
ongoing  chemical  reactions.  The  general  aspect  of  some  plated  and  nonplatcd 
specimens  as  they  a pip  eared  in  the  test  fixture  after  exposure  for  1000  hours  was 
shown  earlier  in  Figure  5.  At  this  exposure  duration,  the  nonsalt-treated 
segments  appeared  to  be  quite  undamaged,  with  oxidized  surface  fils  colors  of 
golden  bronze  for  the  nickel-plated  specimens  and  dark  metallic  blue  for  the  non- 
plated  specimens. 

Inspection  of  corresponding  photographs  of  test  specimen  surfaces  after  150 
and  500  hours  of  exposure  at  900  F in  Figures  9 and  10  with  the  1000-hour  effects 
depicted  in  Figure  11  reveals  the  progressive  nature  of  the  salt  attack  on  the 
diffusion-bonded  electroless  nickel  plate,  manifested  by  the  proliferation  and 
growth  of  corrosion  pits,  troughs,  and  cracks  as  influenced  by  prolonged  exposure 
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2l  950  f diffusion  treatment  - electroless  roc keJ-pU:ed  specimen  f6. 


h.  1150  F cSKusaon  treatn«nt  * eiectrotes  mcket-pSated  specimen  E5. 
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c.  1150  F hsa»  tteatmeni  - nanp^ed  ih5AH5Sa  speanxn  E7. 

Figure  1 1.  1000-hor:  lesx  ai  900  F - sail-treated  ioagrnxSnal  specimens  - 
etched  - oblkjue  Isghirrjg. 


tines.  Review  of  the  topography  of  the  corroded  surfaces  revealed  that  most  pits 
proliferated  along  strain  lines,  eventually  conjoining  to  fora  troughs.  Sense  pits 
remained  isolated  and  merely  increased  in  diameter.  One  dominating  characteristic 
which  appeared  to  distinguish  troughs  and  pits  from  cracks  was  depth  of  penetration. 
Inward  growth  of  the  pits  and  troughs  seemed  to  terminate  in  the  vicinity  of  the 
plate-substrate  interface,  thereby  alluding  to  the  sacrificial  nature  of  the 
electroless  nickel  plating  on  titanium. 
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The  earlier  observation  that  the  diffusion  bond  treataent  temperatures 
affected  the  hot  salt  failure  cedes  of  the  electroless  nickel  plating  was  con- 
firmed by  the  specimen  appearances  after  1G00  hours.  A comparison  of  photographs 
in  Figures  11a  and  lib  succinctly  reveals  the  distinct  differences  in  the  charac- 
teristics of  the  corrosion  troughs.  Corrosion  attack  of  the  950  F treated  plate 
is  character! by  the  presence  of  wider-gap  troughs  possessing  a greater 
propensity  to  conjugate  with  other  pits  and  troughs  as  compared  to  the  1150  F 
treated  plate. 

Also  exhibited  in  the  phe tographs  is  the  controlled  influence  of  the  punch 
marks  on  the  flow  of  the  strain  lines  as  manifested  by  curvature  of  the  troughs 
in  the  vicinity  of  the  cavities.  Further,  despite  the  possible  rupture  and 
thinning  of  the  plate  within  the  punch  cavities,  there  appeared  to  be  little  or 
no  corrosion  present.  Perusal  of  the  right  side  of  the  same  figures  also  reveals 
some  preferential  corrosion  patterned  along  the  induced  diagonal  scratch  lines. 

But  this  phenomenon  does  not  dominate  the  failure  mode  thereby  indicating  the 
uncertainty  of  their  influence  as  either  stress  raisers  or  harmful  plating  defects. 

For  baseline  comparison.  Figure  11c  shows  the  appearance  of  tha  corrosion  pit 
and  crack-laden  surface  on  a nonplated  Ti-5Al-2.5Sn  alloy  specimen  which  was  heat 
treated  to  conform  with  the  1150  F diffusion  treatment  process  of  one  of  the 
platings  investigated.  Examination  of  a corresponding  950  F heat-treated,  non- 
plated titanium  specimen  revealed  it  to  be  more  resistant  to  stress  corrosion 
cracking.  Since  the  stress-relief  effects  should  be  less  at  the  lower  heat  treat 
temperature  and  since  no  major  changes  were  observed  in  the  aicrostructure  shown 
in  Figure  1,  the  cause  of  this  anomaly  remains  to  be  studied  further. 

Substrate  Examination 

The  manifestation  of  cracks  in  the  surface  of  the  salt-treated  platings 
implies  the  susceptibility  of  the  electroless  nickel  plating  to  1S5CC.  Figure 
12a  shows  the  appearance  of  cracks  in  one  segment  of  1090-hour  specimen  E6  under 
normal  lighting  conditions.  This  same  specimen  was  shown  earlier  in  Figure  7a, 
at  a lower  magnification.  In  order  to  asccrt iin  the  extent  of  damage  to  the  sub- 
strate engendered  by  the  corrosion  pits,  troughs,  and  cracks  In  the  plate  surface, 
approximately  1-1/2  ails  of  the  top  layer  was  mechanically  removed.  (The  original 
thickness  of  the  virgin  plate  was  about  0.6  mil.)  As  evidenced  by  Figure  12b,  the 
readily  identifiable  surface  cracks  had  indeed  propagated  deep  into  the  titanium 
alloy  substrate,  while  the  pits  and  troughs  disappeared  with  no  signs  of  their 
original  superposition.  Figure  12c  exhibits  the  hot  salt  damage  to  a typical  non- 
plated titanium  specimen. 

Embrittlement  of  the  plated  surface  concomitant  with  tensile  stresses  above 
some  unidentified  threshold  level  appear  to  be  the  necessary  combination  for  the 
initiation  of  cracks.  In  the  segment  shown  in  Figure  I2fa,  it  may  be  noted  that, 
with  one  exception,  the  cracks  arc  selectively  present  at  the  specimen  edge  or 
into  a punch-mark  cavity  which  arc  regions  of  higher  stresses.  The  single  crack 
shown  which  was  not  located  at  either  of  those  high  stress  areas  may  have  initi- 
ated at  the  site  of  a corrosion  pit. 


tm. 
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a.  Bectrotes  mdcrf-plated  su.tace  spsirMn  E6 


fa.  7i-5Al-2SSn  a! Icy  substrate  - plating  tcnoted  specimen  ££. 


c.  fvocpU:ed  i i-5AJ-2-5Sn  surface  specimen  £8. 

Figure  1Z  lOOO-Jvsjr  test  at  900  F - 1150  F diffusion  treatment  - r !* 
treated  - etched  - uansrerse  specimens.  Mag.  SX 


Thus,  an  inference  uav  be  drawn  that  at  this  test  temperature  an  increase 
in  surface  tensile  stresses  will  encourage  the  'nitiation  of  new  crack?.  How- 
ever, the  relative  importance  of  surface  embrittlement  versus  stress  raisers  and 
plating  strength  in  contributing  to  crack  initiation  remains  undetermined. 
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Despite  the  existence  of  stress  raisers  at  the  base  of  the  corrosion  troughs, 
the  inward  intrusion  of  corrosive  activity  was  generally  arrested  at  the  substrate 
level.  Figure  15  shows  a representative  damaged  cross-section  of  the  electroless 
nickel  plate  of  specimen  H5  after  exposure  at  9G0  F for  1000  hours.  Apparently, 
the  combination  of  temperature,  corrosive  media,  and  stress  in  the  segments  shown 
were  not  sufficient  to  initiate  or  propagate  into  the  substrate.  Although  delam- 
ination also  occurred  between  diffusion  layers  of  the  nickel  plate,  the  base  of  the 
diffusion-bonded  plate  remained  firmly  attached  to  the  titanium  substrate. 


figure  13.  lOOOhour  test  at  90 G F - cross-section  ot  saft-trerted  dectrcltss  nkfcd 
pllg,  specimen  N5.  shotring  troughs  and  deUmlnttions,  Mag.  1000X 


Metallic  deposits  on  the  surface  of  titanium  alloys  can  either  promote  or 
inhibit  the  corrosion  process,  depending  on  its  electronegativity  relative  to  the 
substrate.11  A plating  less  electronegative  than  the  substrate  would  be  anodic 
relative  to  the  substrate  and  thus  would  tend  to  corrode  preferentially.  This 
reaction  would  inhibit  the  stress  corrosion  process  because  oxygen  reduction  would 
occur  at  the  substrate.  On  the  other  hand,  if  the  sacrificial  corrosion  of  tne 
plate  encouraged  the  formation  of  corrosion  products  susceptible  to  hydrolysis, 
the  substrate  could  still  be  embrittled  by  the  subsequent  formation  of  nascent 
hydrogen.  In  this  investigation,  the  chemical  reactions  causing  the  troughs  in 
the  plate  did  not  appear  to  yield  by-products  adequate  for  embrittling  the  sub- 
strate sufficiently  to  cause  crack  initiation  at  the  stress  levels  present. 

General  Consents 


As  mentioned  in  earlier  statements,  titanium  alloys  are  susceptible  to  hot 
salt  stress  corrosion  cracking.  Observations  by  previous  investigators11-13 
indicate  that  the  substrate  is  embrittled  by  the  stress  corrosion  process,  elim- 
inating simple  dissolution  as  the  failure  mode,  with  the  embrittling  species  being 
generated  by  the  corrosion  process.  Moreover,  embrittlement  by  hydrogen  is  gen- 
erally accepted  as  a primary  cause  of  cracking.  However,  disagreements  still 
exist  concerning  the  mechanism  of  hydrogen  generation.  Nevertheless,  surface 
cracking  does  occur  and  can  be  quite  severe  as  previously  shown  by  the  repre- 
sentative photographs  in  Figures  7b,  8,  10a,  and  12c. 

II.  GAKHNHE.K.  Xochcrzicz?  Mcdd  far  Ho:  Sch  Sims-Corraaor:  of  Tcarzzm  A Uorx  Jfcti2h=pc3lT:i2s»aSo«*,T.4.  JaJy  1973, 

p.  1677-36*5. 

32.  Ancxan Sod ety  forTccinf  aa3  Miisnfc.  StrcyCorrosioo  Chectar of  Titcdrm, a Sj-gpooca,  Sped]  ftitBciOon  No.  397, 
Rdtefel^sa.  1966. 

13.  STAEHLE,  R.  W_  a aL  Fu  njc  mcrael  Aspects  of StreaGorroaoB  OvcHt^.  V»t^— »i  Eqatta.  M-mim 

1969.  p.  531-700. 
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cracks  and  incipient  cracks  were  also  present  in  the  surface  cf  the  plated 
specimens  after  as  early  as  150-hour  exposure  tine  at  900  F.  albeit  linited  in 
crack  quantity  (Figure  9)  as  compared  to  nonplated  titaniun  specinens  (Figure  8). 
However,  in  contrast  to  the  randon  distribution  of  cracks  in  the  nonplated  speci- 
nens, the  cracks  in  the  plate  appeared  to  be  concentrated  in  regions  of  higher 
stress,  i.e.,  edge  and  cavity  peripheries. 


The  cracks  seen  to  co-exist  independent  of  the  corrosion  pits  and  troughs. 
Hence,  it  can  be  speculated  that  a higher  average  tensile  stress  than  that  employed 
in  this  experinent  would  have  promoted  the  initiation  of  more  surface  cracks. 


One  significant  characteristic  of  the  surface  cracks  in  the  electroless 
nickel  plating  was  their  continuity  into  the  titaniun  substrate.  Figure  14  shows 
a cross-section  of  such  a crack.  The  prinarv  cause  of  crack  initiation  in  the 
plated  surface  was  not  identified,  but  embrittlement  nay  be  a source.  A crack 
in  the  plating  combined  with  other  reactions,  nav  then  encourage  the  diffusion  of 
harmful  chemical  species  to  the  substrate  forming  ? crevice  where  surface  em- 
brittlement and  cracking  of  the  titaniun  surface  commences  to  occur.  Yet,  it  is 
generally  recognized  that  the  presence  of  cracks  or  stress  raisers  alone  have  only 
a minimal  affect  on  hot  salt  stress  cracking  to  the  extent  that  precracked  test 
specinens  are  not  useful  in  these  HSSCC  experiaents.  Also,  as  described  earlier, 
the  existence  cf  scratches  and  indentations  in  the  surface  of  the  plating  did  not 
enhance  stress  corrosion  of  the  exposed  areas.  Moreover,  the  pits,  troughs,  and 
nechanically  induced  indentations  and  scratches  did  not  appear  to  act  as  prefer- 
ential sites  for  crack  initiations. 


A representative  corrosion  crack  penetration  into  the  titanium  alloy  sub- 
strate is  shown  in  Figure  15.  Propagation  of  this  type  of  crack  has  been 
attributed  by  Garfinkle11  to  the  reaction  of  titaniun  with  chlorine  ions  to  fora 
a chlorotitanate  which  hydrolyzes  with  H2O  to  release  chlorine  ions  and  TiO- 
along  with  nascent  hydrogen  (K  ) which  serves  as  the  source  of  embrittlement  in 
anodic  regions  such  as  grain  boundaries: 

Ti  + 6Cl~-»  TiClg  + 4e~ 

TiCl|  + 2H20  - Tio2  + 6C1~  ♦ 4H* 

Combining  these  reactions,  the  overall  reaction  becomes: 

Ti  + 2H20  - 7i02  + 4H+  + 4e"  j 

j 

External  tensile  loads  separate  the  weakened  bonds  causing  the  crack  to  t 

propagate.  Absorbed  moisture  from  the  surface  continues  to  migrate  (capillarity) 
to  the  crack  tip,  re-establishing  the  anode  and  chemical  reactions.  The  inter-  , 

granular  nature  of  the  stress  corrosion  cracks  observed  in  this  study  is  typified 
hy  the  crack  profile  exhibited  in  the  micrograph.  Figure  16,  of  the  region  sur- 
rounding the  tip  of  the  crack  shown  in  the  previous  figui-e.  However,  tbr  fracture  , 

mode  is  quite  dependent  upon  the  solution  treatment  temperature.  In  Ti-F.Al  2.5Sn  j 

alloys  treated  above  the  beta  transus  (1925  F),  cracking  can  he  expected  to  he  j 

predominantly  transgranular.  J 

The  results  of  this  exploratory  investigation  demonstrated  the  potential  of  j 

diffusion-oondeu  electroless  nickel  plating  as  an  effective  means  for  protecting 
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F 15.  Cross-Section  view  of  SC  trade 
penetrating  into  titanium  substrate,  specimen 
£5.  Mag.  200X 


Figure  16.  Enlarged  view  of  region  around  crack 
tip  showing  intergranular  penetration  into  titanium 
substrate,  specimen  E5.  Mac.  1000X 
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titanium  alloys  from  the  debilitating  attack  of  hot  salt  stress  vrrosion.  How- 
ever, the  data  is  valid  only  vithin  the  constraints  of  this  study.  Further 
efforts  to  optimise  the  plating  (e.g.,  diffusion  treatment  tine  and  temperature, 
composition,  plating  thickness)  and  evaluate  its  limitations  is  contingent  upon  " 
satisfactory  results  froa  other  investigations  of  the  ability  of  electroless 
nickel-coated  titanium  to  meet  other  requirements  of  gas  turbine  compressor  com- 
ponents , such  as  fatigue  and  erosion  resistance  at  elevated  temperatures. 

CONCLUSIOiS 

1.  Diffusion-bonded  electroless  nickel  plate  on  titanium  alloys  can  retard 
hot  salt  stress  corrosion  cracking  of  titanium  alloys  at  900  F. 

2.  Minor  mechanical  defects  in  the  surface  of  the  plating  and  sheet  orien- 
tation had  little  influence  on  the  course  of  stress  corrosion  cracking. 

3.  Diffusion  treatment  temperaturas  can  affect  the  stress  corrosion  be- 
havior of  the  titanium  substrate. 


4.  Influence  of  numerous  test  variables  remains  to  be  elucidated.  These 
inclde  composition  and  condition  of  titanium  substrate,  plate  parameters  in- 
cluding composition,  diffusion  temperature  and  thickness,  and  environmental 
conditions  such  as  salt  composition  and  density,  moisture,  oxygen  content,  air 
velocity,  state-of-stress,  temperature,  and  exposure  duration.  Mechanisms  of 
failure  must  be  established. 
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5.  Continued  efforts  to  optimise  and  evaluate  electroless  nickel  plates  on 
titanium  alloys  for  gas  turbine  compressor  component  applications  are  contingent 
upon  satisfactory  erosion  and  fatigue  behavior  at  elevated  temperatures. 


